ABSTRACT
INTRODUCTION
The central electron carriers, NADP + and NAD + , mediate flows of reductive power between cellular processes, linking carbon and energy metabolism with biosynthesis and stress defence. In mammals, NAD(P)(H) exerts several metabolic and signalling functions. Apart from energy metabolism and sulphide-group reduction, they are also associated with Ca 2+ homeostasis, gene regulation, cell death, aging, O 2 sensing, and insulin release (Pollak et al., 2007; Reinbothe et al., 2009; Ying, 2008) . NAD(P)(H) signalling also exists in plants (Noctor, 2006) where NAD(P)H status, respiratory rate and metabolite levels correlate with growth (Hauben et al., 2009; Meyer et al., 2007) , although the mechanistic background for this has not been analysed in detail.
NADPH and NADH can be oxidised by multiple pathways in plant mitochondria. Apart from the nearly universal pathway constituted by complexes I, III and IV, the plant mitochondrial electron transport chain contains alternative enzymes oxidising NAD(P)H and reducing oxygen. Type II NAD(P)H dehydrogenases are present on the external and internal surface of the inner mitochondrial membrane, and thus oxidise NAD(P)H from the matrix and cytosol, respectively. This reaction reduces ubiquinone, which in turn can be oxidised by either the cytochrome pathway (consisting of complexes III and IV, and cytochrome c) or by the alternative oxidase (AOX), which is present in plant mitochondria Siedow and Umbach, 2000; Vanlerberghe and McIntosh, 1997) . In contrast to complexes I, III and IV, the type II NAD(P)H dehydrogenases and the AOX do not pump protons. As a consequence, they allow a lower ATP production per O 2 consumed. These enzymes can therefore function when the proton pumping complexes are inhibited by a large electrochemical proton gradient, and can thus prevent an over-reduction of the electron transport chain. Additionally, the "energy wasting" nature of the non-proton pumping enzymes presents an opportunity for the cell to dissipate excess mitochondrial and cytosolic 4 reductants in the form of NAD(P)H (Millenaar and Lambers, 2003; Møller, 2001; Raghavendra and Padmasree, 2003; Rasmusson et al., 2008) .
In plants, the NDB gene family encodes a group of type II NAD(P)H dehydrogenases that are present on the outer surface of the inner mitochondrial membrane (Elhafez et al., 2006; Michalecka et al., 2003; Rasmusson et al., 1999) . NDB1 from potato and Arabidopsis thaliana specifically catalyse a Ca 2+ -dependent NADPH dehydrogenase activity, consistent with their sequence conservation (Geisler et al., 2007; Michalecka et al., 2004 ). An EF handcontaining domain, which is present in NDB proteins, has been shown to directly mediate Ca 2+ activation of A. thaliana NDB1 (Geisler et al., 2007; Michalecka et al., 2004; Michalecka et al., 2003) . Bacterially produced A. thaliana NDB2 and NDB4 specifically oxidise NADH in a Ca 2+ -stimulated and Ca 2+ -independent manner, respectively (Geisler et al., 2007) , whereas the extremely low expression level of A. thaliana NDB3 in most tissues (Elhafez et al., 2006; Michalecka et al., 2003; Rasmusson et al., 1999) has hindered characterisation of the protein.
The presence of potato and A. thaliana NDB1 in mitochondria has been shown by several approaches including immunodetection, in vitro import into isolated mitochondria and green fluorescent protein (GFP) targeting (Carrie et al., 2008; Elhafez et al., 2006; Michalecka et al., 2004; Michalecka et al., 2003; Rasmusson and Agius, 2001; Rasmusson et al., 1999 ). An 11 amino acid residue long sequence, which is present at the C-terminus of NDB1 in A. thaliana and potato, was additionally shown to target GFP to peroxisomes in A. thaliana and onion cells (Carrie et al., 2008) . However, native NDB1 protein or NADPH:quinone activity has not been reported in peroxisomes. Western blot analysis of potato mitochondria and peroxisomes revealed only a mitochondrial location for potato NDB1, though the C-termini of the potato and A. thaliana orthologues are identical (Liu et al., 2009) . In contrast to a targeting function of the NDB1 C-terminus, structural determination of the yeast homologue Ndi1p showed that 5 the C-terminus, which is highly conserved in eukaryotes, constitutes a part of a domain of amphiphilic helices that mediates membrane binding (Feng et al., 2012) . Consistently, the Cterminus of potato NDA1 was shown to be essential for membrane binding (Rasmusson et al., 1999) . Thus, present evidence suggests that NDB1 in potato, and possibly also Arabidopsis, is limited to mitochondria. Evidence for an NADPH oxidation pathway in peroxisomes, which should contain an active NDB1 and a quinol oxidase, has not been reported. Thus, based on present knowledge it is expected that the mitochondrial, but not the putative peroxisomal, NDB1 can affect cytosolic NADP(H) levels.
The expression of a sense construct for potato NDB1 in Nicotiana sylvestris resulted in the production of NDB1-overexpressing lines and a line co-suppressing NDB1 from both potato and N. sylvestris (Liu et al., 2008; Michalecka et al., 2004) . The variation in NDB1 expression, and hence external NADPH dehydrogenase activity, resulted in changes in NADPH/NADP + -ratios in leaves in normal light, and in stems in high light (Liu et al., 2008; Liu et al., 2009; Michalecka et al., 2004) . The variation in the stem NADPH/NADP + -ratio was additionally linked to metabolic changes and to a variation in bolting time, whereas no effect on biomass accumulation was observed (Liu et al., 2008; Liu et al., 2009 ).
To allow a more detailed analysis of the cellular effects of an NDB1 gene modulation, and potentially associated specific changes in NADPH and/or NADP + levels, we have suppressed NDB1 in A. thaliana by RNA interference (RNAi). We describe a decreased NADP + -level and a decreased vegetative growth of the NDB1-suppressing plants. The growth defect is connected to changes in the metabolism of sugars, citric acid cycle metabolites and amino acids, as well as to defence-related transcriptional responses.
RESULTS
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RNAi suppression of NDB1 strongly decreases the external Ca 2+ -dependent NADPH dehydrogenase activity
To make an RNA interference (RNAi) construct specific for NDB1, we chose a 104 bp segment of the NDB1 cDNA. The segment corresponds to the lowly conserved N-terminal part and is highly divergent from the corresponding sequences of the other NDB homologues in A. thaliana (Figure 1 ). The cDNA segment was inserted in forward and reverse orientation into the RNAi plasmid pHANNIBAL, driven by the 35S promoter (Helliwell and Waterhouse, 2003) . After cloning and transformation, homozygous transgenic lines were obtained in the T3 generation and were tested for suppression of NDB1 by real time RT-PCR ( Figure 2A ). Four lines displayed NDB1 transcript levels that were significantly lower than in the WT, while two lines had levels nearly identical to the WT. Lines 1.5 and 8.7 were chosen for further studies, having an NDB1 transcript suppression of 75-80%, which was stable also in the T4 generation ( Figure 2B ).
Mitochondria were isolated from seedlings of the WT and line 8.7. External Ca 2+ -dependent NADPH dehydrogenase activity was detected in mitochondria from the WT, but not from line 8.7 (Figure 3) . A relatively small external Ca 2+ -independent NADPH dehydrogenase activity was observed for both the WT and line 8.7. The external NADH dehydrogenase activity was mainly Ca 2+ -independent and similar in mitochondria from line 8.7 and the WT (Figure 3 ).
Sterile-grown seedlings suppressing NDB1 are sensitive to glucose
In sterile seedling cultures containing a complete medium supplemented with glucose, lines 1.5 and 8.7 had significantly smaller rosette diameters than the WT (Figure 4 ). However, when the growth medium was supplemented with sucrose, there was no difference in the rosette diameter between the WT and the transgenic lines. With mannitol, merely a small 7 growth decrease was observed, with a significant difference only between line 1.5 and the WT (Figure 4 Figure 5 ). However, this increase was substantially higher in both NDB1-suppressing lines compared to the WT, for all labelling positions of glucose that were tested ( Figure 5 ). This suggests that glucose is metabolised at a higher rate in the NDB1-suppressing lines than in the WT but not by a specific activation of a particular respiratory pathway.
NDB1-suppressing lines show a growth phenotype and decreased NADP + levels on soil
When grown on soil, the two RNAi lines displayed a significantly smaller rosette dry weight accumulation than the WT. This was observed in both a 12 h light period ( Figure 6 ) and a 10 h light period (results not shown). Ratios of fresh weight/dry weight and area/dry weight were similar in all transgenic lines (Supplemental Table 1 ). Other phenotypic differences were not observed.
Nucleotide levels were measured on rosettes from plants grown in normal light (at 80 µmol m -2 s -1 ). Since external mitochondrial NADPH oxidation has been suggested to be a sink for chloroplast overreduction (Krömer, 1995) , we also analysed similarly grown plants after a 2 h 8 high light (at 800 µmol m -2 s -1 ) treatment. In normal light, NADPH levels were similar in the NDB1-suppressing lines and the WT (Figure 7) . However, the NADP + level was significantly decreased to 74% and 81% of the WT level in line 8.7 and 1.5, respectively ( Figure 7 ). This was also reflected in the NADPH/NADP + ratio, which was 122% and 119% of the WT in line 8.7 and 1.5, respectively, although these differences were not statistically significant (results not shown). The total (NADP + +NADPH) amount was approximately 20% lower in the RNAi plants than in the WT (results not shown). All genotypes were similar regarding NADH and NAD + levels ( Figure 7 ). In high light, there were no differences between genotypes in NAD(P)H or NAD(P) + levels ( Figure 7 ).
Respiration and photosynthesis are unaffected in NDB1-suppressing plants
In vivo respiration and oxygen isotope fractionation were measured in dark-adapted leaves.
The total respiration rate, cytochrome pathway activity and alternative pathway activity were similar in all genotypes (Supplemental Table 2 ). In addition, the alternative pathway capacity did not vary between the genotypes (Supplemental Table 2 ).
The maximum quantum efficiency of photosystem II (F v /F m ), measured on dark-adapted leaves, was similar between the WT and the NDB1-suppressing lines. Additionally, the maximum net CO 2 assimilation under steady state conditions displayed no differences between the genotypes (Supplemental Table 3 ). Altogether, the growth phenotype connected to the NDB1 suppression in normal growth light therefore cannot be linked to changes in photosynthetic or respiratory activities.
Subtle changes in global transcript levels associate NDB1-suppression with stress
Real time RT-PCR analyses of RNA from rosettes of the T4 generation revealed that, similar to the T3 generation, the NDB1 transcript levels of lines 8.7 and 1.5 were strongly suppressed ( Figure 2 ). Transcriptional responses of other genes were investigated by microarray analysis of the same RNA preparations. When pooling the results from NDB1-suppressing lines 1.5 and 8.7, the expression of 33 genes (including NDB1) was changed significantly and at least 1.4-fold compared to the WT (Supplemental Table 4 ). Two thirds of the genes that were affected in the transgenic lines displayed decreases in their expression levels. The largest decrease in these lines was seen in the approximately 4 times lower transcript level of glucose-6-phosphate dehydrogenase 4 (G6PD4), as compared to the WT (Supplemental Table   4 ). A low NDB1 signal was observed in both transgenic lines (Supplemental Table 4 Microarray profile analyses using signature search in GeneVestigator identified a single significant response overlap between the RNAi lines and the abi4-102 mutant ( Figure 8 ). This mutant has an inactivated ABAINSENSITIVE4 transcription factor. However, the expression of the ABI4 gene was not affected by the NDB1 suppression (results not shown). Further searches were made in Google Scholar, using groups of AGI codes. We found that most of the genes that displayed increased transcript levels in the NDB1-suppressing lines (Supplemental Table 4 ) were also upregulated in A. thaliana lines overexpressing the rice genes OsHsfA2e
and OsSMCP1 (Figure 8 ). Arabidopsis lines overexpressing either of these genes exhibited improved tolerance to different types of stresses, including improved pathogen resistance for the OsSMCP1 overexpressor (Yokotani et al., 2009; Yokotani et al., 2008) . A MapMan analysis of the microarray data revealed significant transcriptional changes for the functional categories of glucosinolate, jasmonate and amino acid metabolism, as well as cytosolic protein synthesis (Table 1) .
Plants suppressing NDB1 display changes in the metabolite profile
Metabolite profiling of rosettes revealed significant decreases in metabolites of carbon metabolism in the transgenic lines as compared to the WT (Figure 9 , Supplemental Table 5 ).
These metabolites include sugars (fructose, galactose, glucose and sucrose), polyols (myoinositol and sorbitol), citric acid cycle intermediates (fumarate, aconitate and citrate), and the organic acid shikimate, all of which decreased 12-24%. In addition, the levels of several amino acids were lower in the transgenic plants than in the WT, including a large decrease in proline by 37% ( Figure 9 , Supplemental Table 5 ). The results thus show that the suppression of the external NADPH dehydrogenase, NDB1, causes substantial changes in the steady state levels of intermediates in the central metabolism of A. thaliana rosettes.
DISCUSSION
The lack of the external NADPH dehydrogenase results in a growth phenotype in A.
thaliana
The RNAi strategy used in this study resulted in a large suppression of the NDB1 transcript in 4 out of 6 lines tested. The NDB1 expression in line 8.7 was only 22-24% of the WT level ( Figure 2 ) and this resulted in a specific, virtual elimination of the external, Ca 2+ -dependent NADPH dehydrogenase activity (Figure 3 ). This is consistent with the previous enzymatic analyses of potato and A. thaliana NDB1, showing that NDB1 is a Ca 2+ -dependent external 11 NADPH dehydrogenase (Geisler et al., 2007; Liu et al., 2008; Michalecka et al., 2004) . sylvestris, induced by an over-expression construct for potato NDB1, did not result in a change in biomass accumulation under any of several growth conditions (Liu et al., 2008; Liu et al., 2009 ). This indicates that differences between plant species may be expected regarding the physiological consequences of variations in NDB1 expression and NADP(H) homeostasis.
In high light, the transgenically modified NDB1 expression levels in tobacco were linked to a variation in bolting time that correlated with stem NADPH/NADP + (Liu et al., 2009 ). High NADP + and low NADPH levels have been associated with rapid growth in Arabidopsis cell cultures (Pellny et al., 2009) . Additionally, an increased NADPH/NADP + ratio with no change in the NADPH+NADP + level, has been associated with decreased growth in Arabidopsis mutants for non-phophorylating glyceraldehyde dehydrogenase (Rius et al., 2006) . Compared to our observations, earlier reports are consistent with an association between slower growth and lower NADP + level or increased NADPH/NADP + , rather than to the change in the NADPH+NADP + level. In plants, the total level of NADPH+NADP + is controlled by NAD kinase and NADP phosphatase reactions (Noctor et al., 2011) , separate from the redox conversions modified in the NDB1 RNAi plants.
Interactions of NDB1 with other respiratory electron transport paths
The AOX1a gene and the AOX protein level are responsive to many changes in the growth conditions, especially to different types of stress. It is thought that a major signal for the AOX1a expression derives from an increased ubiquinone reduction level, likely being mediated by the formation of reactive oxygen species (Clifton et al., 2005; Clifton et al., 2006; Møller, 2001; Rasmusson et al., 2009; Vanlerberghe et al., 2009) . Modifications in dehydrogenase activities could therefore result in changes in the ubiquinone reduction level and hence in the AOX1a expression and AOX activity. In N. sylvestris lines overexpressing and sense-suppressing the external NADPH dehydrogenase, effects on the AOX protein level varied with plant age and growth conditions (Liu et al., 2008; Liu et al., 2009; Michalecka et al., 2004) . However, both the overexpression and suppression of NDB1 led to moderately elevated AOX protein levels in mature leaves during the vegetative growth phase (Liu et al., 2008; Liu et al., 2009; Michalecka et al., 2004) . In this investigation, the strong suppression of NDB1 was associated with unaltered AOX capacity and in vivo activities of the AOX and cytochrome pathway (Supplemental Table 2 ). Additionally, the external NADH dehydrogenase activity was not changed in isolated mitochondria from NDB1-suppressing N.
sylvestris (Liu et al., 2008; Michalecka et al., 2004) or A. thaliana plants (Figure 3 ). This, together with the relatively unchanged transcript levels of NDA1, NDA2, NDB2 and NDC1 in the NDB1-suppressing lines, leaves no indications of other type II NAD(P)H dehydrogenases compensating for the lack of NDB1. In summary, the lacking measurable effects of the NDB1-suppression on the remaining respiratory chain suggest that the observed phenotypic effects on growth and metabolism are consequences of changes upstream of the respiratory chain, i.e. due to changes in cellular NADP(H).
Interactions of NDB1 with photosynthetic pathways
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An external NADPH dehydrogenase may affect plant growth, via an involvement in photosynthetic metabolism. It has been suggested that the oxidation of cytosolic NADPH, derived from chloroplast reductant export via the triose phosphate shuttle, should constitute a major respiratory activity in the light (Krömer, 1995) . However, modifications in NADPH dehydrogenase levels in N. sylvestris did not lead to changes in chloroplast redox-linked parameters or to a changed growth under fluctuating light (Liu et al., 2008) . In this study, the suppression of NDB1 in A. thaliana affected neither Fv/Fm, nor the rate of maximum CO 2 assimilation (Supplemental Table 3 ). Additionally, the decreased NADP + level observed in NDB1-suppressing lines in normal light was not seen after a high light treatment (Figure 7 ), indicating that chloroplast effects on whole cell NADP(H) levels in high light may overrule the effect of NDB1. Overall, based on the results presented above, it is unlikely that the growth defect caused by the NDB1 suppression in A. thaliana is due to a change in photosynthetic assimilation rate. Another chloroplast component that might be affected by the NADPH/NADP + -ratio is the pentose phosphate pathway. In relation to this, the NDB1-suppressing lines displayed a strong decrease in their G6PD4 expression levels (Supplemental Table 4 ). G6PD4 is a catalytically inactive chloroplastic homologue, which in response to redox changes can retarget the catalytically active chloroplastic G6PD1 to peroxisomes (Meyer et al., 2011; Wakao and Benning, 2005; Wenderoth et al., 1997) . This retargeting may modify the chloroplast and peroxisomal oxidative pentose phosphate pathway capacities. The expressional change in G6PD4 in the NDB1-suppressing lines and thus association to changes in the cellular NADPH reduction level lends further support to a function of G6PD4 in redox responses.
Regarding other parts of chloroplast metabolism, the lowered leaf level of shikimate ( Figure   9 ) might indicate a secondary effect of the NDB1-suppression. However, the final products of the shikimate pathway include the aromatic amino acids. Their levels are altered by 14 chloroplast redox perturbations in NADPH-thioredoxin reductase mutants (Lepistö et al., 2009 ), but were unaffected in this investigation (Supplemental Table 5 ), indicating only small effects on the synthesis pathway.
NDB1 suppression affects the citric acid cycle
Metabolic profiling of high light-grown N. sylvestris modified in the external NADPH dehydrogenase NDB1 revealed large variations between leaves and stems regarding the association of NADPH and the NADPH/NADP + ratio with central metabolites (Liu et al., 2009) . In this study, we performed a metabolic profiling ( Figure 9 and Supplemental Table 5) on rosettes from plants grown under the relatively low light conditions that resulted in a growth defect in the NDB1-suppressing lines. As expected, considering the differences in species, phenotype and growth conditions, our results for A. thaliana deviate from the patterns previously observed in N. sylvestris (Liu et al., 2009) . The data in this study indicate substantial consistent changes within particular central metabolite groups, especially sugars, polyols, amino acids and organic acids of the citric acid cycle, that may relate to the phenotype observed. The observed decreases concern groups of metabolites that are indirectly connected to each other via the respiratory pathways (Supplemental Figure 1) .
A particularly striking metabolite change that may affect growth is the joint decrease in four major sugars caused by the NDB1 suppression ( Figure 9 ). An involvement of hexoses in the growth phenotype on soil is also suggested from the growth in sterile culture. In the presence of glucose, but not sucrose, a smaller rosette diameter was observed for the transgenic plants than for the WT (Figure 4) . These results indicate a connection between the cellular NADPH reduction level and glucose metabolism. Consistently, interactions between NADP(H) levels and sugar metabolism have been observed in N. sylvestris (Liu et al., 2009) , and the addition of glucose was found to increase the NDB1 transcript level in A. thaliana cell cultures (Clifton et al., 2005) . The glucose feeding assay in our study showed that glucose is metabolised at higher rates in seedlings of NDB1-suppressing lines ( Figure 5 ). Considering the lower levels of the major sugars in rosettes of these lines (Figure 9 ), it is possible that the observed decreases in sugars are caused by a generally increased flux through the CO 2 -producing metabolic pathways in leaves in the light, with a primary effect on the citric acid cycle. A decreased level of citric acid cycle metabolites may decrease their inhibitory effect on glycolytic flux by bottom-up regulation (Plaxton and Podesta, 2006) . Thus, the decreased levels of citric acid cycle metabolites in rosettes, in conjunction with bottom-up regulation provides an explanation for why the soil-grown transgenic lines also display a decrease in upstream metabolites, including sugars. A modified rate, or flux mode (Sweetlove et al., 2010) , in the citric acid cycle in the light may also affect the levels of several amino acids that are derivates of citric acid cycle metabolites (Supplemental Figure 1) . For example, substantial effects of complex I-deficiency on amino acid levels have been reported for the N.
sylvestris CMSII mutant (Dutilleul et al., 2005; Hager et al., 2010) . Overall, the severe changes in the central respiratory metabolism observed in the NDB1-suppressing lines likely explain their slow growth phenotype.
In contrast to the metabolic profiling, the transcriptional analyses indicated little effects on genes involved in central metabolism. Instead, a connection between the cellular NADP(H) reduction level and stress-associated signalling was observed. The MapMan analysis showed that the NDB1-suppressing lines displayed transcriptional changes in bins associated with plant defence, i.e. glucosinolate and jasmonate metabolism (Table 1 ). There were also significant overlaps in transcriptional effects between NDB1-suppressing lines, an abi4 mutant and A. thaliana lines overexpressing OsHsfA2e and OsSMCP1 (Figure 8 ), though milder changes were observed in the NDB1-suppressing lines. The OsSMCP1 and OsHsfA2e overexpressing lines display an increased tolerance against abiotic and, for OsHsfA2e, biotic stress, although growth is not or little affected (Yokotani et al., 2009; Yokotani et al., 2008) .
In rosettes, the transcription factor ABI4 functions in mitochondrial and chloroplast retrograde regulation (Giraud et al., 2009; Koussevitzky et al., 2007) and in ascorbate and jasmonate defence signalling (Kerchev et al., 2011) . Microarray investigations of the abi4-102 mutant showed many plant defence-associated genes being affected, but also a strong down-regulation of NDB1 (Kerchev et al., 2011) . Overall, the transcriptional changes in NDB1-suppressing plants under non-stressed conditions indicates an interaction between elevated NADPH/NADP + -ratios and stress signalling. This is consistent with the presence of transient changes in NADPH/NADP + -ratios in plants exposed to stress (Allan et al., 2008) and the involvement of NADPH in stress signalling via the plasma membrane NADPH oxidase (Suzuki et al., 2011) . It should however be mentioned that the relatively mild transcriptional changes observed in the NDB1-suppressing plants are not sufficient to indicate a stress-related cause for the growth defect.
In summary, the suppression of the external mitochondrial NADPH dehydrogenase NDB1 influences whole tissue NADP(H) homeostasis in the leaf. This affects global gene expression significantly, mimicking transcriptional changes associated with stress signalling, although to a lesser magnitude. Additionally, the NDB1 suppression has a strong effect on central respiratory metabolism. This could, at least regarding glucose, increase flux and also decrease metabolite levels in the citric acid cycle, associated with decreased levels of sugars and amino acids, as well as a decreased vegetative growth. These data accentuate the multiple functions of NADPH and NADP + in cellular growth and defence-associated processes in A. thaliana, but also show that subtle changes in nicotinamide redox levels can selectively affect particular processes.
METHODS Production of transgenic plants
The NotI site was removed from the multiple cloning site of pSL1180 (Amersham Biosciences) by restriction with PstI and KpnI (2973-3047 bp), blunting and re-ligation to produce pSL1180∆NotI. A 104 bp NDB1 sequence was amplified from cDNA from A.
thaliana Col-0 seedlings. Primers used were: 5'-TGATCATCTCGGAAGAGCCTCTCG-3'
and 5'-GGATCCCTTCTTCGTTAGCATCAGC-3' (underlined sequences denote BclI and BamHI restriction sites). The product was cloned into pCR4-TOPO (Invitrogen) and then transferred to pSL1180∆NotI, using BclI and BamHI. To transfer the construct to pHANNIBAL (Wesley et al., 2001) , XbaI and BamHI were used for insertion in the antisense orientation and XhoI and EcoRI for insertion in the sense orientation. Using NotI, the whole RNAi cassette was excised from pHANNIBAL, and the ends were blunted and ligated into
SmaI-cleaved and dephosphorylated pCAMBIA3300 (Cambia). The construct was sequenced with the primer: 5'-TACAACGTGCACAACAGAAT-3'. NCBI BLAST searches were performed using the NDB1 construct cloned into pHANNIBAL (including vector elements), against the A. thaliana transcriptome. The only match of at least 21 consecutive base pairs that was found was to the NDB1 target itself.
Cloning of pCR4-TOPO with the inserted NDB1 segment, and pSL1180∆NotI for cleavage with BclI, were done using the dam -E. coli strain GM3819 (Parker and Marinus, 1988) . For all other cloning purposes, DH5α (Invitrogen) was used. Agrobacterium tumefaciens strain LBA4404 (Hellens et al., 2000) was used for transformation with pCAMBIA3300 containing the NDB1 RNAi cassette. A. thaliana Col-0 plants were then transformed by the floral dip procedure (Clough and Bent, 1998) . Transformed plants were identified using phosphinothricin selection and lines displaying a 1:3 segregation ratio after selfing were selected for further analyses.
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Plant material and growth conditions
For screening of transgenic T3 lines for NDB1-suppression by realtime RT-PCR, plants were sown on soil, stratified for 2 days, and grown in a 16 h light cycle, at 60 µmol m -2 s -1 and 22°C. For all other experiments, plants were sown on a 1:1:2 ratio of perlite:vermiculite:soil, stratified as above and grown with a 10 h day length, at 80 µmol m -2 s -1 and 22-25°C, unless denoted otherwise. Two weeks after sowing, the plants were supplied with 0.5× Hoagland solution (Epstein, 1972) . The nutrient supply was repeated once a week. For high light treatments, plants were placed for two hours at 800 µmol m -2 s -1 and 24-25°C during which period control plants remained in normal light (80 µmol m -2 s -1 ).
Quantitative RT-PCR analyses
RNA extractions and validation, cDNA synthesis, RNAse H treatment and real time PCR were performed as described previously (Wallström et al., 2012) . Real time PCR primers have been previously described for the 28.5 kDa subunit of respiratory complex I, NDA1, NDA2
and NDB1 (Michalecka et al., 2003) . All signals were normalised to the expression of the 28.5 kDa subunit gene.
Sterile seedling growth and flux analysis
Seeds were surface sterilized, sown on plates, and stratified for two days at 4°C. Plates were then moved to a 16 h light cycle, at 65 µmol m -2 s -1 and 24°C. For mitochondrial preparations, seedlings were grown on 0.5×MS basal medium (Murashige and Skoog, 1962) with 58.4 mM sucrose and 0.8% (w/v) plant agar. For other purposes, the growth medium was as previously described (Somerville and Ogren, 1982) , but containing 0.5× macronutrients and 1× micronutrients and a supplement of 0.8% (w/v) plant agar and 58. counting. The results were interpreted as previously described (ap Rees and Beevers, 1960) .
Mitochondrial NAD(P)H oxidation assays
Mitochondria were extracted from seedlings as previously described (Escobar et al., 2006) .
External NAD(P)H dehydrogenase activities were measured with decylubiquinone as electron
acceptor (Geisler et al., 2007) . The reaction medium consisted of 50 mM MOPS/KOH, pH 7.2, 50 mM KCl, 150 mM mannitol, 2.5 mM MgCl 2 , 0.5 mM EGTA, 0.2 mg/l antimycin A, 50 µM n-propyl gallate, 40 µM decylubiquinone, 0.4 µM FCCP and 100 µM of NADH or NADPH.
Measurements of photosynthesis, respiration and oxygen isotope fractionation
Maximum net CO 2 assimilation was determined in mature leaves from 7-week-old plants under steady state conditions as previously described (Flexas et al., 2007) , except for using a light intensity of 1000 µmol m -2 s -1 . The maximum quantum efficiency of photosystem II was measured as previously described (Gallé et al., 2007) except for using a 30 minute dark adaptation period here.
20
For respiration measurements, leaves from 35-day-old plants were placed in darkness for 30 minutes to avoid light-enhanced dark respiration. Respiration and oxygen isotope fractionation were determined as previously described . Electron partitioning between the two respiratory pathways was calculated from the oxygen isotope fractionation by the cytochrome oxidase (Δ c ) and AOX (Δ a ). The Δ c value of 20.9‰ obtained by in A. thaliana leaves was used for calculations of electron partitioning. A Δ a value of 30.4‰ was experimentally determined in the presence of 10 mM of KCN in WT plants. In addition, the AOX capacity was determined as previously described (Florez-Sarasa et al., 2009) . After respiration measurements, the leaf area was determined with a portable leaf area meter, AM 300 (ADC Bioscientific Ltd., England).
Analysis of metabolites and nucleotides
Previously reported methods were used for extraction and analyses of NAD(P)(H) (Liu et al., 2008) and metabolites (Liu et al., 2009) . Full documentation of the metabolite profiling data acquisition and interpretation is provided in Supplemental Table 6 , following recommended guidelines (Fernie et al., 2011) .
Microarray analysis
Transcriptional profiling was carried out at the Nottingham Arabidopsis Stock Centre (NASC) using ATH1 microarrays. Robust multiarray average normalization (Irizarry et al., 2003) and differential expression analysis was performed using the affylmGUI program in the Bioconductor R package (Smyth, 2004) . The calculated p-values were adjusted for multiple testing as previously described (Benjamini and Hochberg, 1995) . MAS5 present and absent calls were calculated using the same program. After deletion of probes with any absent calls,
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functional analyses of response profiles were carried out using MapMan version 10.0 (Thimm et al., 2004 (OsSMCP1 OE) from rice, regarding upregulated genes. Transcripts >4-fold upregulated in lines OsHsfA2eOE#02, and R07047 (OsSMCP1 overexpressor) were included (Yokotani et 32 al., 2008; Yokotani et al., 2009 Table 5 .
Responsive metabolites are sorted as sugars and polyols (A), amino acids (B) and organic acids (C). Averages are shown for 6-7 sets of three rosettes, with the level in WT set to unity and error bars denoting SE. Glc, glucose; Gal, galactose; Frc, fructose; Suc, sucrose. 
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TABLES
